A body-centered tetragonal carbon (bct-Carbon) allotrope has been predicted to be a transparent carbon polymorph obtained under pressure. The structural transition pathways from graphite to diamond，M-Carbon, and bct-Carbon are simulated and the lowest activation barrier is found for the graphite-bct transition. Furthermore, bct-Carbon has higher shear strength than diamond due to its perpendicular graphene-like structure. Our results provide a possible explanation for the formation of a transparent carbon allotrope via the cold compression of graphite. We also verify that this allotrope is hard enough to crack diamond.
function of Ceperley and Alder, as parameterized by Perdew and Zunger. [13] During the geometry optimization, neither symmetry nor restrictions are constrained for either the unit cell shape or the atomic positions with respect to the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme. The structural relaxation is stopped when the total energy, the maximum ionic displacement, the maximum stress, and the maximum ionic Hellmann-Feynman force are less than 5  10 -6 eV/atom, 5  10 -4 Å, 0.02 GPa, and 0.01 eV/ Å, respectively. To obtain more accurate band gaps, the hybrid functional (according to Becke's exchange functional), combined with the Lee-Yang-Parr correlation (B3LYP) are used. [14, 15] The tensile and shear stress are computed as follows: The desired target-stress component is set to a certain value while other components are kept zero. The lattice vectors and atomic positions are then relaxed simultaneously to obtain the final structures. We increase the desired target-stress component step by step and repeat the above procedure until the structure collapses, in which case the maximum stress is considered to be the ideal strength. [16] [17] [18] [19] Routine first-principles calculations are performed to clarify the high-pressure phases of carbon. The structure search involves relaxing a set of randomly chosen structures or modifying ones constructed from various orientations of prototype crystals, until the energy arrives at its minimum at ground state or a given pressure. [20] [21] [22] [23] This results in a carbon phase with body-centered tetragonal I4/mmm symmetry, as shown in Figs. 1(a) and 1(b), designated as bct-Carbon. This structure appears to be similar to that found in a previous study using molecular dynamic simulations of carbon nanotubes at 20 GPa. [24] Its lattice parameters were a = b = 4.322 Å and c = 2.478 Å, respectively. There is a nonidentical C atom occupying the 8h (0.18, 0.18, 0) site. By comparing simulated XRD patterns obtained from this product to those of M-Carbon and experimental data, bct-Carbon is confirmed to be a viable candidate for transparent and superhard graphite under cold compression.
[ [25] [26] [27] Table I lists some parameters for bct-Carbon, M-Carbon, and diamond at ambient pressure. Two different kinds of C-C bonds exist in bct-Carbon, with bond lengths of 1.559 and 1.503 Å at equilibrium. The average bond length is 1.531 Å, which is comparable with 1.533 Å for M-Carbon (there are 8 kinds of C-C bonds, Table I lists the minimum and maximum values only) and 1.545 Å for diamond. The results imply that bct-Carbon and M-Carbon should have bond strengths similar to that of diamond. [28] To reveal the formation mechanism of the transparent carbon allotrope, a variable-cell nudged elastic band (VC-NEB) method is developed to obtain the energy barrier and transition paths for bct-Carbon, M-Carbon, and diamond (the details are described in the supplementary material [29] ). The present results show the bidirectional energy barriers to be 0. While it is too early to make a definitive conclusion that bct-Carbon will be superior than M-carbon as the best candidate for the cold-compressed graphite, we can confidently say that in both cases the transition must involve puckering of the graphene sheets with the formation of covalent bonds between the layers. directions, the tensile stresses are equal because the two directions are identical, as shown in Fig. 1(b) . Consequently, the ideal tensile strength of bct-Carbon is 84.8 GPa, which is lower than the value 91.1 GPa found for diamond.
Since the shear strength is closely related to the indentation strength, the shearing caseis explored and verified. 108.6, and 119.7 GPa, respectively. Evidently, the shear strengths in the first four directions are weakest and identical, implying that the weakest slip systems are in these directions. Therefore, the ideal shear strength of bct-Carbon should be 108.6
GPa, which is larger than the shear strength of diamond (92.5 GPa) by at least 17%.
The inset in Fig. 3 shows a snapshot of bct-Carbon at a shear stress of 108.6 GPa. The weakest C-C bond (1.669 Å) will not break at a relatively large strain of 0.29, which denotes substantial endurance beyond the linear elastic regime. Thus, the exceptional shear strength may be understood by the conception of crystallographic strength, [33] because bct-Carbon has a perpendicular graphene-like structure, as shown in Fig. 1(a) .
Graphene is the hardest material with the strongest intrinsic bond strength. [34] Therefore, a perpendicular graphene-like configuration is expected to be able to withstand larger critical stresses from different directions and retard the occurrence of weak slip systems, as well as any instability towards graphite under cold compression. Supplementary Online Material
Additional DFT calculations
As a widely used method, nudged elastic band (NEB) [1] [2] [3] method is an efficient and successful approach for finding the reaction pathways and the saddle points along the "minimum energy path" (MEP) between the two endpoints. It has been successfully applied in the realm of chemical reactions of molecules, metal surface, and defect migration, for estimating the activation energy barrier between the given initial and final states of a transition. We developed a variable cell nudged elastic band (VC-NEB, compared with the traditional fixed cell NEB) method [4] , for extending to a constant pressure condition combining with the variable cell approach [5] . The VC-NEB method, which includes the unit cell deformation, provides a broad way to find MEP and investigates the activation pathways between the two given phases for a phase transition process within a larger configuration space. For all the VC-NEB calculations in this work, we take many intermediate images besides the two endpoint phases and choose the force and energy convergences to be the levels of 0.01 eV/Å and 0.001 eV, respectively. The variation of the spring constant is restricted within the range of 0.2-1.5 eV/Å 2 , which is slightly narrower/tighter than that suggested in Ref.
1. All the calculations were implemented under the density functional theory framework using the PWSCF code [6] . To confirm the reliability of our method, we investigated many samples extensively. However, here we showed the energy barrier of zinc oxide (ZnO) under pressure, and compare them with those of previous published results. As is well known, there are two most likely paths (hexagonal or tetragonal path) for the phase transition from wurtzite to rocksalt (B 4 → B 1 ) [7] [8] [9] [10] .
We used the generalized gradient approximation (GGA) for the exchange correlation functional, ultrasoft pseudopotential, and based on convergence tests adopted a kinetic energy cutoff of 75 Ry and a 8 × 8 × 6 MP mesh for Brillouin zone (BZ) integration.
The energy barrier for the tetragonal path of ZnO is 0.134 eV/formula, compared with 0.132 eV/formula for the hexagonal path which is in good agreement with previous results (~0.15 eV/formula) [11] . Such minor difference for the energy barrier between the two different paths (0.002 eV/formula) implies the coexistence of the two independent paths in the phase transition at the same time, which is also consistent with the results found by molecular dynamics calculation [12] .
For the high pressure phase of carbon, the energy landscapes will be much complicated than that of ZnO. For example, the transformation of graphite to new (unknown up to date) superhard phase at cold compression is not very clear at present.
M-Carbon or bct-Carbon is predicted to be the most likely candidates at present.
However, cubic or hexagonal diamond will be much more stable than those of 
